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Combined optogenetic activation of the retrotrapezoid nucleus (RTN, a CO 2 /proton- 
43
In conclusion, RTN neurons activate breathing powerfully and, unlike the C1 cells, have 44 minimal effects on BP and have a weak arousal capability at best. A5 neuron stimulation
Introduction
Materials and Methods
91
Animals
92
Experiments were performed on male Sprague-Dawley rats (n=26; 400-550 gm, Taconic, 93 USA). All procedures conformed to the NIH Guide for the Care and Use of Laboratory Animals 94 and were approved by the University of Virginia Animal Care and Use Committee. Animals 95 were housed under standard 12h light/dark cycle with ad libitum access to food and water. 97 We used a previously described lentiviral vector (LVV) encoding the photoactivatable 98 cation channel channelrhodopsin-2 (ChR2, H134R) fused to mCherry under the control of the 99 Phox2-responsive promoter PRSx8 (PRSx8-ChR2-mCherry)(5, 44). The LVV was produced by 
96
Viral constructs and virus preparation
102
Injections of vectors and animal instrumentation 103
The rats were anesthetized with a mixture of ketamine (75 mg/kg), xylazine (5 mg/kg) 104 and acepromazine (1 mg/kg) given intraperitoneally (i.p.). Depth of anesthesia was assessed by 105 an absence of the corneal and hind-paw withdrawal reflex. Additional anesthetic was 106 administered when necessary (25% of the original dose, i.p. or i.m. during surgery). Body 107 temperature was kept close to 37°C with a servo-controlled heating pad and a blanket. All 108 surgical procedures were performed under aseptic conditions. The mandibular branch of the EEG/EMG tether to project back and upwards from the skull. This configuration prevented 136 damage to our hardware and optic fibers when the subjects tucked their heads under their bodies 137 for sleep.
138
The head-stage and optic fiber-ferrule assemblies were secured to the skull using a 2-part 139 epoxy (Loctite). Incisions were then closed in two layers (muscle and skin) with absorbable 140 sutures and vet bond adhesive. Rats received post-operative ampicillin (125 mg/kg, i.p.) and 141 ketoprofen (3-5 mg/kg, s.c.) and were monitored daily. Rats recovered for a minimum of four 142 weeks for functional expression of the ChR2-mCherry. Rats were tested for breathing responses 143 to light, then implanted with radio-telemetry probes (PA-C10, Data Sciences International) to 144 record blood pressure from the descending aorta via the right femoral artery. These rats
145
recovered for yet another week before physiological experiments began.
146
After completing the physiological tests, a subset of animals (N=6) received intra-spinal 147 injections of anti-dopamine-β-hydroxylase conjugated to saporin (anti-DβH-sap; Advanced
148
Targeting Systems) to destroy the ChR2-expressing C1/A5 neurons that project to the spinal cord 149 (71). Using fine tipped glass pipettes (20 µm external diameter), the toxin was pressure-injected 150 bilaterally into the region of the lateral horn of the second thoracic segment (1.0-1.2 mm lateral 151 of midline, 1 mm below lateral sulcus; two injection sites per side; 100 nl of 0.22 μg/μl toxin 152 solution per site). Animals were maintained for a further 2-3 weeks before they were re-153 examined. The surgical procedures and toxin injections produced no observable respiratory or 154 motor deficits, and these rats gained weight normally.
155
Physiological experiments in freely-behaving rats
The rats were tested in a plethysmography chamber (Buxco) modified to allow tethered 157 EEG/EMG recordings and optical stimulation (1, 22) . Before the actual experiments were run the 158 rats were repeatedly habituated to these surroundings which were visually-isolated and with low 159 ambient noise. On the day of the experiment, rats were lightly anesthetized with isoflurane
160
(induction with 5%, maintenance with 2.5% in pure oxygen for <1 min) to permit cleaning of 
Data acquisition and analysis
180
Physiological signals were acquired and processed using Spike v7.03 software 181 (Cambridge Electronic Design). EEG and EMG were amplified and band pass filtered (EEG: 182 0.1-100 Hz, x1000. EMG: 100-3000 Hz, x1000) and acquired at a sampling frequency of 1 KHz.
183
The signal generated by the differential pressure transducer connected to the plethysmography 184 chamber was amplified, band pass filtered (x 200, 0.1-20 Hz) and acquired at a sampling 185 frequency of 1 KHz. The BP signal from the radio telemetry probe was acquired at a sampling 186 frequency of 0.2 KHz. Mean arterial pressure and heart rate were extracted from pulsatile BP little or no EMG activity, and a stable breathing pattern, blood pressure and heart rate. REM to waveforms generated by injecting 5 ml of dry air from a syringe during the experiment, 201 expressed in ml per 100g body weight (BW)) were calculated using Spike software. These values were used to calculate minute ventilation (V E = f R * V T, expressed as ml/100g body weight/ min).
203
The light-induced changes in breathing or cardiovascular parameters are denoted as Δf R , ΔV T 204 etc.
205
All data sets were tested for normality using the Shapiro-Wilk test, then differences 206 within and between groups were determined using either unpaired Student's t-test, one-or two- 
Histology
214
Animals were deeply anesthetized with sodium pentobarbital and perfused transcardially 215 with 4% paraformaldehyde, brains removed and processed as described previously (22).
216
Immunohistochemistry with antibodies against tyrosine hydroxylase (sheep anti-TH, 1:2000, 217 Millipore), mCherry (rabbit anti-dsRed, 1:500, Clontech #632496, Clontech Laboratories) and 218 Phox2b (rabbit anti-Phox2b, 1:8000, a gift from J.F. Brunet, Ecole Normale Superieure, Paris,
219
France) were performed as previously described (5, 9). Cell mapping and counting and 220 photography were done using the Neurolucida system (MicroBrightfield, Inc, Colchester, VT) 221 with a Zeiss Axioskop microscope with computer driven stage and Zeiss MRc camera. Cell 222 counts were taken from a 1 in 6 series of sections and only profiles containing a nucleus were 223 counted.
Results
225
Spontaneous arousal and sighs in acclimatized rats
226
In unstressed rats habituated to the plethysmography recording chamber, non-REM sleep 227 was characterized by large amplitude delta power EEG (0.5 -4.5 Hz), a low and regular 228 breathing rate (f R = 72 ± 4 bpm; N = 13) and tidal volume (V T = 0.43 ± 0.02 ml/100g/min; N = 229 13) and a low heart rate (HR = 311 ± 7 bpm; N = 9). Spontaneous arousals from non-REM sleep 230 were typically brief and followed a stereotyped pattern (Fig. 1A) . Arousal began with cortical 231 EEG desynchronization which was followed by a rise in HR and, in most cases, by a sigh
232
(augmented breath). Sighs occurred in 54 ± 2% percent of all spontaneous arousals and were
233
followed by a post-sigh apnea lasting 3.5 ± 0.2s (range: 1.5 -5.7s N = 6, >20 arousals/rat).
234
Latency from arousal to sleep onset was 30 ± 2s (range: 5 -140s, N = 6, >20 arousals/rat). in 67 ± 10% percent of all spontaneous arousals from REM sleep and were followed by an apnea 243 lasting 4 ± 0.3s (range: 2 -6s N = 6, >5 arousals/rat). Latency from arousal to sleep onset was 47 244 ± 5s (range: 15 -137s, N = 6, >5 arousals/rat).
245
Optogenetic stimulation of rostral RTN and nearby catecholaminergic neurons
246
During non-REM sleep, optogenetic stimulation of ChR2-transduced neurons produced 247 an instantaneous and robust increase of breathing frequency and tidal volume ( Fig. 2A ). This 248 stimulus also produced an arousal that was not accompanied by sighs. The EEG 249 desynchronization was followed by tachycardia and small, generally downward BP fluctuations 250 -a response akin to the spontaneous arousal (see Fig. 1A ) with the exception that sighs were not 251 elicited ( Fig. 2A) . In REM sleep, photostimulation of ChR2-transduced neurons did not produce 252 an increase in f R or produce arousal or sighs (Fig. 2B ).
253
The respiratory stimulation produced by photostimulation of ChR2-transduced neurons 254 was frequency dependent and significant at and above 10Hz ( hydroxylase-saporin, and were re-tested two weeks later (Fig. 4 ). In these 6 rats, 20Hz 277 photostimulation before bulbospinal CA lesion had produced a significant increase in arousal (69 278 ± 5%) and sighs (36 ± 5%)) compared to control ChR2 -rats (N=9) ( Fig modest increase in arousal probability with 20Hz photostimulations (Fig. 5B , p = 0.03), but had 286 no increase in sighs (Fig. 5C , p = 0.9). Yet, this stimulus produced similar increases in breathing 287 frequency, tidal volume and minute ventilation before vs after lesion (Fig. 5D-I ).
288
Histology
289
In control rats, the rostrocaudal distribution of catecholaminergic neurons within the 290 ventrolateral medulla is bimodal (Fig. 6A ). The rostral cluster ( Fig.6 ; ~8.5-11.0 mm caudal to bregma) contains the A5 noradrenergic neurons; the caudal cluster (posterior to Bregma 11.4 292 mm) consists almost exclusively of C1 neurons (see (71)). Cell counts were taken from a 1 in 6 293 series of 30 µm thick sections from the left side (i.e. the transduced side); the numbers reported 294 below are neurons counted in the 1 in 6 series multiplied by six to give the approximate absolute 295 number of relevant neurons.
296
In the 6 rats treated with anti-DβH-saporin, the number of A5 neurons (total CA neurons 297 identified between 8.5 and 11mm caudal to bregma on the left side) was reduced by 76% (583 ± 298 68 vs. 140 ± 18, unpaired Student's t-test, p = 0.002; Fig. 6A ). Similarly, the number of C1 299 neurons (total CA neurons identified between bregma 11.0 and 12.5mm) was reduced by 52% in anti-DβH-saporin (71).
306
As previously described, the LV vector used here selectively transduces Phox2b-307 expressing neurons when microinjected as described (for details see (5, 9). The ChR2-transduced 308 neurons were located under the facial motor nucleus and between this nucleus and the exiting 309 root of the facial motor nerve (i.e. the noradrenergic A5 region; not-illustrated). In non-lesioned Finally, the present data further illustrate the power of the excitatory drive from RTN to 361 the respiratory pattern generator (4). Selective activation of at most 227 ± 26 RTN neurons
362
(11.5% of the total population which is ~2000 in rats (78)) increased V E by an average of 83% (+ 363 20 ml/min/100g; see Fig. 5F,I ), the equivalent of exposing rats to ~4% FiCO 2 (23, 50). (22)). Arousals in adult humans exhibit a similar pattern, whereas in infants 443 this sequence is reversed (sigh/augmented breath, tachycardia, cortical arousal, movement/agitation) (26, 56). Sighs prevent atelectasis and sigh genesis is linked to wake-445 promoting neuronal circuits and vigilance (35, 66) . Hypoxia is a strong arousing stimulus, in part 446 because of the frequent sighing that it induces (11, 17, 60, 61, 63) . Sigh incidence is inversely 447 correlated with the FiO 2 and these events are triggered by carotid body input (8, 22, 27) . We 
459
The prevailing view is that CO 2 -induced arousal results from the combined and direct 460 effect of acid on many types of CNS pH-sensitive neurons, including serotonergic, 461 noradrenergic, orexinergic and RTN neurons (13, 21, 29, 41, 49, 59, 67 (13, 14, 21, 41, 45) . To date, the interpretation of this evidence is that subsets of these aminergic We were somewhat surprised by the fact that selective RTN stimulation caused no 474 arousal. Indeed, the average V E increase elicited by RTN stimulation (83%; +20ml/min/100g) 475 was equivalent to the breathing stimulation elicited by ~4% FiCO 2 at steady state (23, 43, 50) .
476
This result suggests that the degree of hyperventilation may not be critical to CO 2 -induced 
Conclusions
488
The main conclusions of the study are illustrated in Figure 8 . RTN controls breathing 489 selectively and, at least when activated to a moderate extent, has negligible effects on blood pressure, heart rate and sleep state. These observations support the view that the core function of 491 RTN is PaCO 2 stabilization via changes in breathing ("chemoreflex integrator" concept)(9, 36).
492
By contrast, C1 neurons seem to be a primeval stress-response-inducing system whose acute amplitude, slow-wave EEG (delta frequencies: 0.5-4.5 Hz), a regular breathing rate (respiratory 502 frequency; f R , breaths/min) and tidal volume (V T , ml/100g), steady blood pressure (BP, mmHg, 503 via telemetry) and heart rate (HR, beats/minute). Arousal followed a stereotypical sequence 504 beginning with EEG desynchronization (loss of delta power; arrow # 1), followed by tachycardia 505 (arrow #2) and, typically, a sigh (arrow #3) followed by an apnea. B. Spontaneous arousal from 506 REM sleep. REM sleep was characterized by a highly synchronized EEG in the theta band (6-507 8Hz), more rapid and irregular breathing rate, bradycardia, with increased BP and HR variability. 
518
Photostimulation during REM sleep (20 Hz; 20s; same rat in A) had no effect besides a slight increase in V T . The box in the EEG trace is expanded at bottom to illustrate that the theta rhythm 520 was unaffected by the stimulus. 
525
Group data from the same six rats that later received intra-spinal anti-DβH-saporin. D.
526
Cumulative arousal probability elicited by 20 s photostimulation (grey bar) at 2, 10 and 20 Hz in Fig. 2A ). This stimulus 540 produced a similar large increase in breathing but had no effect on EEG, heart rate or BP. Bonferrroni's multiple comparisons test. G-I. Change (∆) in breathing parameters evoked by 555 photostimulation in 6 rats before (intact) and after catecholaminergic neuron lesion. Breathing 556 stimulation was identical before and after the lesion (paired Students t-test). All panels: *p < 557 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns, not significant. 
